Objectives: To determine the phenotype of the ventrolateral part of the periaqueductal gray matter neurons after bladder stimulation. Methods: In the experimental group, electrical stimulation of the bladder was carried out under freely moving condition by a bipolar stimulation electrode implanted in the bladder wall. Thereafter, the brain sections were processed for immunohistochemical analysis using antibodies against c-Fos (neuronal activation marker) together with one of the following: tyrosine hydroxylase (dopaminergic cell marker), vesicular glutamate transporter (glutamatergic cell marker), serotonin, glutamate decarboxylase (glutamate decarboxylase 67, gamma-aminobutyric acid cell marker) and neuronal nitric oxide synthase. We used design-based confocal stereological analysis to quantify the immunohistochemically stained sections. Results: A significant increase in the number of c-Fos-positive cells in the ventrolateral part of the periaqueductal gray matter after stimulation was found. Furthermore, the ratio of c-Fos cells double labeled with vesicular glutamate transporter was significantly higher in the ventrolateral part of the periaqueductal gray matter region in the stimulated compared with the sham group. Quantitative analysis of the other four cell types did not show any significant difference. Conclusion: These findings suggest that glutamatergic neurotransmission in the ventrolateral part of the periaqueductal gray matter is seemingly the main pathway to be activated after receiving sensory signals from the bladder.
Introduction
The PAG is the central gray matter of the midbrain in continuance of the circumventricular organs, and is somehow analogous to the gray matter of the spinal cord. Because of its axial location, it is involved in various important functions, ranging from autonomic to emotional domains; that is, fear/anxiety, pain and micturition control. Its role in the control of bladder function encompasses both downstream connections as well as upstream connections with higher brain centers involved in decision-making. The PAG has been found to bear functionally separate columns that are also histologically separate in the human brain. Three pairs of bilateral columns exist, namely, ventrolateral, lateral and dorsolateral, as well as a single dorsomedial column.
Studies in the cat brain have shown that 30% of the PAG neurons are positively labeled for glutamate. 1 The PAG has the capacity to synthetize 2 serotonin, dopamine, 3 nNOS 4 and GABA. 5, 6 nNOS is the neuronal isoform of the enzyme, nitric oxide synthase, which generates the gaseous neurotransmitter, nitric oxide, in the nervous tissue. No particular relationships between the cell types, their neurotransmitter contents, functions and projections have been discovered so far. Electrophysiological studies have discovered the role of PAG in neural control of micturition. 7 Previous studies have defined the vlPAG as responsible for sensorimotor communication with the bladder. c-Fos, a transcription factor expressed after neuronal activation, was significantly higher in the vlPAG of rats with chemically irritated bladders relative to the saline infused group. 8 Electrical stimulation of the pelvic nerves in the cat evoked maximum field potentials in the vlPAG. 9 Studies in cats confirm that the electrical or chemical (DL-homocysteine) stimulation of the vlPAG results in contraction of the bladder. 10 Chemical stimulation of the vlPAG by D,L-homocysteic acid in rats increased the frequency of micturition. 11 Stereotaxic injections of the inhibitory mediator, cobalt chloride, into the caudal vlPAG reversibly attenuated bladder contractions and external urethral sphincter electromyographic activity in rats. 12 Injection of other inhibitory or stimulatory agents, CoCl2 and L-glutamate, into the vlPAG of rats resulted in the suppression or stimulation of micturition, respectively. 13 In the present study, we aimed to identify which cell types in the vlPAG relay sensory inputs from the bladder. To this end, we carried out design-based stereology and confocal microscopy on major stimulatory and inhibitory neuronal cell types in the PAG after electrical stimulation of the bladder wall. However, using c-Fos as a neuronal activation marker as described in the present study has some shortcomings, including alteration by the anesthetic effect. Therefore, we carried out studies on freely moving animals with implanted electrodes after a 2-week recovery period.
Methods Animals
Adult male Sprague-Dawley rats (bodyweight 300-350 g at the time of surgery) were obtained from the central animal facility (Maastricht University, Maastricht, The Netherlands). The animals were divided into two groups: the experimental group (n = 6) underwent electrode implantation in the bladder, and the other group (n = 4) served as sham operated controls. The experimental procedures were approved by the Dutch Committee for Animal Research local ethical committee, Maastricht University, The Netherlands.
Surgical procedure and electrode implantation
In order to carry out electrical stimulation of the urinary bladder in rats, a custom made construction was built, which consists of two pacing wires (StreamlineTM; Medtronic, Boulogne-Billancourt, France) implanted surgically in the detrusor muscle ( Fig. 1 ) and a platform attached to the head in order to connect the electrode to the stimulator. The electrodes were disposable stainless steel human ventricular pacing wires with a diameter of 0.2 mm. The animals were anesthetized with an intraperitoneal injection of urethane. The rats were mounted on the stereotactic apparatus (Stoelting, Wood Dale, IL, USA). A midline incision was made over the skull. The operation area was disinfected with chlorhexidine. A midline laparotomy was made to expose the urinary bladder. Blunt subcutaneous dissection was made through the abdominal incision toward the neck, and from there continued toward the cranial incision to make potential spaces. The wires were then tunneled subcutaneously from the scalp toward the abdomen. The pacing wires were driven into the detrusor muscle at the dome and the neck of the bladder, and were sutured and secured. The construction was then anchored over the skull with dental cement (Paladur; Heraeus Kulzer GmbH, Hanau, Germany). A recovery period of 2 weeks was allowed after surgery and before testing. Electrical stimulation of the bladder was carried out with a constant current stimulator (World Precision Instruments DS8000, Sarasota, FL, USA) to simulate sensory afferents to PAG. Sensory and motor fibers are more effectively stimulated at longer (0.4 ms) and shorter (0.05-0.15 ms) pulse widths, respectively.
14 After a 2-week recovery period, electrical stimulation of the bladder in the stimulation group was carried out giving bipolar square wave pulses of 20 Hz with an intensity of 2 mA. The subjects underwent continuous stimulation for 1 h. Sham animals underwent the same surgical procedure with electrode implantation without stimulation being carried out. Two hours later, all animals received an overdose intraperitoneal injection of pentobarbital followed by transcardial perfusion-fixation with Somogyi solution (4-5°C). Thereafter, the brains were removed, snap frozen and cut in a cryostat (Leica CM3050S, Nussloch, Germany) into 30-lm coronal slices. Brain sections were collected into cups to be processed immunohistochemically as free floating sections. Serial sections were kept at À80°C before staining.
Immunofluorescent staining
The free floating sections were incubated with rabbit primary antibodies against rabbit-derived anti-tyrosine hydroxylase (TH, Santa Cruz, Dallas, TX, USA, 1:1000) for 48 h, rabbit anti-5-HT (serotonin, 1:50 000, courtesy of HWM Steinbusch) for 48 h, VGLUT2 (1:100; Abcam, Cambridge, UK) for 1 week, anti-GAD67 (Abcam, 1:100) for 4 days or for sheep-derived anti nNOS (1:1000; provided by P Emson) for 48 h, all co-labeled with mouse-derived anti-c-Fos (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and thereafter stained with anti-Rabbit Alexa 594 and anti-mouse Alexa 488 as secondary fluorescent antibodies (1:100; Jackson Immuneresearch, West Grove, PA, USA). Finally, all sections were nuclear stained with 1:1000 Hoechst solution in tris-buffered saline-Tween, and incubated for 10 min. Sections were rinsed, mounted on gelatin-coated glasses and cover slipped with 80% glycerol in tris-buffered saline.
Confocal microscopic analysis of double stained sections
The c-Fos-positive, as well as double stained cells were analyzed using a spinning disk confocal microscope (Olympus, Tokyo, Japan). All stereological investigations were carried out with a stereological computer microscopy system (Stereo Investigator; Microbrightfield Bioscience, Williston, VT, USA). In all sections, the peripheral borders of the PAG were delineated by visualizing under blue fluorescent spectrum (Hoechst staining), and the borders of the ventrolateral column were delineated according to a standard stereotaxic rat brain atlas. 15 We then counted the cells within this region stained by appropriate antibodies. In total, six sections per rat containing the vlPAG were delineated. Cell counting was carried out in all counting frames of each vlPAG using the optical fractionator probe and a 9100 objective lens magnification. Total cell numbers were estimated by established methods, which have been described previously.
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Statistical analysis
Data are presented as means and standard errors of means. The quantitative data of the total number of the cells in representative tissue volumes were analyzed using the independent samples t-test. All statistical analyses were carried out with Excel 2013 (Microsoft, Redmond, WA, USA). P-values <0.05 were considered significant.
Results
There was a significantly increased expression of c-Fos in the vlPAG of the stimulated group (Fig. 2) . We carried out a design-based stereological analysis of immunohistochemically stained cells expressing TH, 5-HT, VGLUT2, GAD67 and nNOS in the PAG. The total number of cells expressing each individual neurotransmitter was not significantly different between the sham and stimulated groups (Fig. 3a) . The ratio of the total number of c-Fos-positive cells double labeled with each of aforementioned neurotransmitters to the total cFos-expressing cells in the appropriate volume of each rat PAG were also compared between the groups (Fig. 3b) . There was no significant difference in the ratio of the number of c-Fos-positive cells double labeled with TH, 5-HT, GAD67 and nNOS to the total number of c-Fos-expressing cells in this region. Quantitative analysis showed a significant (P < 0.001) increase in ratio of double labeled c-Fos/ VGLUT2-positive cells to total c-Fos-positive cells in the stimulated versus sham group. This ratio was 0.56 and 0.12 in the stimulated and sham groups, respectively (Fig. 3b) . c-Fos-positive cells were scattered throughout the vlPAG, and double-labeled cells were present bilaterally (Fig. 4) . Representative cytoplasmic and nuclear co-labeling of neurotransmitters and c-Fos are shown in Figure 5 .
Discussion
PAG has immense connections with upstream and downstream structures of the brain structures related to the control of micturition. A number of previous studies have shown the vlPAG as the column responsible for sensorimotor communication with the bladder. [8] [9] [10] [11] [12] [13] We could reproduce these findings in our experimental setting, as our data showed a significant increase in c-Fos-positive cells in this subregion after bladder stimulation. Furthermore, our results highlighted the role of glutamatergic cells in relation to bladder-PAG circuitry.
The vlPAG has distinct groups of glutamatergic cells. These cells exert various functions, including the control of voiding. Chemogenetic or optogenetic activation of vlPAG glutamatergic and GABAergic neurons stimulated and inhibited the voiding in rats, respectively. 18 The vlPAG GABAergic cells stimulated in the present study were most probably interneurons. 19 The main inhibitory GABAergic input to the vlPAG relevant to micturition is projected from the dlPAG. 20 Glutamatergic cells of the vlPAG also control other important functions, including freezing behavior and analgesia. 21 These two functions are controlled by two separate cell groups in the vlPAG. 19 Whether these cell groups are separate from those vlPAG glutamatergic cells controlling the voiding, or have some overlap remains to be elucidated. Glutamate serves as an excitatory neurotransmitter. The vlPAG receives afferents from the lumbosacral cord 22 and has direct connections with the PMC, which then controls micturition by its distant connections with sacral parasympathetic segments. This circuit is especially very active in rodents, and probably in the immature human infant while higher decision-making brain centers are still underdeveloped. As vlPAG glutamatergic cells were activated after electrical bladder stimulation in our experiment, these cells probably serve as a bridge in sensorimotor processing, receiving peripheral sensory signals and relaying them to micturition motor control centers of the rat. Glutamatergic vlPAG cells probably stimulate the PMC when Fig. 1 Implantation of stimulation electrodes on the bladder wall; a suprapubic incision is made and the bladder is exposed. Two wires are sutured to the detrusor muscle one at the dome and one at the neck of the bladder (> and >>, respectively). 1, Bladder; 2, preputial gland; 3, prostate gland; 4, seminal vesicle. Note, as the figure was added during the reviewing process, the photograph belongs to a follow-up experiment, in which an identical electrode implantation was carried out. receiving suprathreshold sensory signals from a full bladder, to fulfill a micturition reflex. They might project to higher cortical regions in mature humans to undergo further analysis and decision-making. As a clinical correlate, multiple system atrophy is an extrapyramidal disease, which also has micturition symptoms including frequency, urgency, incontinence or incomplete bladder emptying as its manifestation. The number of glutamatergic cells in the ventrolateral, lateral and dorsomedial, and to a lesser extent, dorsolateral PAG columns was shown to be decreased in multiple system atrophy. 23 In contrast, we did not find any significant involvement of other cell types tested. This could have various reasons, either the micturition pathways would not be dependent on these cell types or the site of their activity is different given our specific experimental setting. Uninfluenced GABAergic transmission in the present study could highlight its indirect role over the vlPAG by internal connections through the dorsolateral column. 24 One possible reason is projections of dlPAG GABAergic cells to the ventrolateral column to suppress the micturition reflex. 20 Any kind of influence over micturition by dopamine is controversial. Microinjection of SCH-23390, a dopamine antagonist, into the PAG had contrary results over micturition in two different studies. 25, 26 There is not much known about the micturition-related pathways involving the PAG by serotoninergic cells. However, the serotoninergic vlPAG is an important regulatory mechanism for the inhibition of ejaculation in rats, and might contribute to selective serotonin receptor inhibitor-induced inhibition of ejaculation; although, regulation of the autonomic function of the genital organs is somewhat different from that of the bladder. 27 The bladder's intramural ganglia, dorsal root ganglia and spinal cord contain nitric oxide, which also shows plasticity after pathological lesions, such as pelvic nerve injury, chronic bladder irritation and urethral obstruction. 28 There has been no report of a role of nNOS in the brain related to the physiology of the bladder. The negative result we obtained by nNOS might also be related to its regional functional specificity; most functions mediated by nNOS, including modulation of cardiovascular, behavioral or nociceptive functions, have been found to be mainly active at the dorsal PAG.
A glutamatergic cell population is likely to be the front line of the cascade of neurotransmitters activated in the vlPAG after receiving sensory signals from the bladder. The function of other cell types in the vlPAG might be either indirect through synaptic afferents, or totally non-existent in this specific situation. 
